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Like workers in other- countries engaged in the
quest for useful power from deuterium,
Soviet physicists face the severe problem of
stabilizing the hot “plasma’ needed for I

fusion to occur. They have a vigorous programme

for tackling the problem in a variety of ways

Pl

j

by Academician L. A. Artsimovich - .

NE of the most fascinating scientific
and technical problems of our age is

‘the use of the reserves of excess energy .

concentrated in the nuclei of the. lightest .

elements. This cnergy can be liberated in

the processes of fusion of light nuclei when .
the nuclei -

“they collide with one ‘another:

-of hydrogen isotopes, deuterium . and

tritium, are of the greatest practical interest .. ..

in this respect. To get an idea of the pos-
sible energy yield of such reactions, con-
sider that'if all the nuclei contiined in a
.single gram of deuterium reacted with one

another, the energy generated would cqual

[P

about 20 million Kkilocalories.

‘Before describing the’ experimgnts we ©
"-conditions,

have “been carrying out in the .Soviet -

Union, it would be as well to recapitulate

the problem which confronts all research -

. workers in this ficld. Nuclear fusion can
.begin in a subsiance only if the atomic

nuclei move at sufliciently high speeds to -

overcome their mutual elcctros:anc repul-
sion and come into close contact.

creases with the temperature; and only

The .~
speed of the nuclei in the substance in- .

when the substance is at a very high tem-

perature indeed can useful fusion reactions
begin—which is why they -are termed-
thermonuclear’ reactions.

The first traces of fusxon reactions can
be detected in laboratory conditions when
deuterium (or a mixture of deuterium and
tritium) is heated to a temperature of the

. .y , . - Y

~ source of energy only at a temperature of -

_.several hundred million degrees. At these
. super-high . temperatures the . atoms lose. -

- their electron shells and the substance is -, sand amps was passed through a cylindri- |

transformed into a state of fully ionized

“ plasma; that is to say it becomes a gaseous
" mixture of smppcd atomrc nuclei and free:

electrons. : s

a destructive thermonuclear
with the aid of an A-bomb detonator, but
with making it possible for the reactions
to follow a steady course under controlled
so that the . energy.. thus
. generated can be put to technical use.

. Accordingly it is nccessary that the high-
tempcerature plasma should exist for a suf-

ficiently long period of time.

The main difﬁculty lies in the fact that-

the plasma tries to rid itself of the super-

hxgh temperature rmposcd upon it, mobiliz-

ing for this purpose various mechanisms of

" heat transfer. The most scrious source of -

thermal losses is normal thermal conduc-
tion. Heat Josses induced by the thermal

- conduction of the plasma increase. faster

~order of 1,000,000°C. However, thermo-
nuclear reactions can become a practical _

than the cube of the temperature, and at 2"

“temperature of the order of 100,000°C are
already so great that further heating is

. possible only if use is made of extremely
-+ effective methods of heat insulation which .
- completely exclude contact between the
, hot plasma, and the walls of the vcsscl in .

RS

Thus to carry out xhcrmonuclear*fusion .
“ we have to create a high-temperature -
. deuterium or decuterium-tritium plasma.
We are not concerned here with initiating
explosron -

“
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which it is encloséd. This means' that the

beated plasma must be suspended in a
vacuum like Mohammed's legendary tomb,
which; tradition tells us, hafigs betwesa
Heaven and Earth.

Today the only conceivable mathod for -~

such radical hcat insulation is bascd on a

. scheme whereby the charged particles in
_the plasnia are subjected to the influence

of a strong magnetic ficld. They are unuble
to move across the field and so it becomes
possible to contain the plusma in 2 “muag-
netic bottle” which holds it away from
contact with the walls of the chamber.

" This is the principle of the magnetic heat
dis-’

insulation of plasma—a principle
covered by physicists working indepen-
dently of one another in th;. USSR Britain
and the USA.

In the Soviet Union the idea of magnetic
heat insulation was first put forward by
Sakharov - and Tamm. It provided the
impetus for the development in the carly
1950s of experimental methods of high-

“temperature plasma production. The most

natural method of realizing this idea in-

~ - volves passing a powerful electric current

through the plasma. The current carries

-out the two functions of setting up the

magnetic field for heat insulation and of
heating the plasma (by the Joule effect).
In the first experiments made in the

-

USSR to study this mcthod, powerful elec-

. ‘trical discharges of short duration were
--used. A current of several hundred thou--

cal discharge tube made from PO cl:urx B

-or quartz and filled with deuterium under
" low pressure (of the order of 0.1 mm Hg.).
- The gas was quickly ionized and a cylin-

drical plasma column formed in the diz- "~

- charge tube. The rings of the magnetic field .

whlch embraced this, column of plasma

" behaved. like resilient rubber cords. They
pressed. upon the plasma,
" from the side wall and compressed it into

tore it away
an incandescent filament running along
the axis of the discharge tube (Frgurs. ).

By this process it was possible to briag
the temperature of the compressed plasma
filament up to several million degrees; and
this was the first success in the initial phase
of the Soviet research. However, the period
of time for which the high temperature
could be maintained was infinitesimally

_short—of the order of one microsccond.

The current-compressed plasma filament s
capable only of a very bricf existence, since
it is susceptible to a whole range of daa-
gerous deformations which .11xcr its shape
and lead to scrious interaction between the
plasma and the tube wall. This instability
arises. because the electrodynamic forces
tend to increase any deformation that
occurs and the plasma, having no rigidity,
does not resist the du.form.uxo'\

Ta order sx"mﬁcamly to increase the life-

- time of the pl.nma in its high-tempetatuce
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§!alc -we must have means of suppressing
its instability. Theorctical analysis shows
that the instability may be much reduced
or even completely eradleated If & eoll
wound around ‘the outside of the vacuum
chamber is uscd to set up within the latter
a powerful magnetic field directed parallel
10 the current travelling through the
plasma. In this case it is not wise to heat

the plasma in a straight discharge tube,’

.since the clectrodes at the two ends’are

the cause of heavy cooling of the plasma.

Therefore in all the main studics of the
heating of plasma by current in
presénce of a stabilizing field, the plasma
filament was created withip & chamber

“having the shape of a hollow toroid,
Thess “doughnut™ chambers are ~usually -

made from stainless steel (wall thicknéss

. 0.2-0.3 mim). The current in the plasma

is excited by induction. )

“* Auention® has been mostiy devoted to
two main ways of producing hot plasma
in doughnut chambers. - o '

In the first one, use is made of an exter-
ral “stabilizing field of comparatively low
initial, intensity (of the order -of several
hundred oersteds). It is supposed that the
following process may thus be put inio
cffect: The current passing through the
plasma tends to compress itself and trans-
form itself into a narrow filament. In com-
pressing the plasmu carries with it the lines
of force of the longitudinal stabilizing field.
According to theory. these lines are glued.
as it were, (o the substance (provided it
possesses suflicient conductance). and they

form a.resilient framework which imparts’
a.certain degree of rigidity to the plasma.-

This. method was first investigated in

detail in England on the Zeta and Sceptre

assemblics. - In  the Soviet Union ‘an
assembly has been ‘constructed. in “L.enin-
grad for similar “researches. This is the

Alpha. which diflers little in its design |
from Zera. Research on this assembly is.

being carried out jointly by the Research’
Jnstizute of Electrophysical Apparatys and
.the Leningrad Physico-Technical Institute.

In the other the meihod for producing a .
stable . plasma loop, the longitudinal field '

" i5 many times greater than that created by

© Tokamak. S ST
The main results of experimental inves- "

the plasma current. Theory predicts .that
systems.  of this type should afford

" extremely effective suppression of the main

forms of plusma instability, A
“*_For a number of years doughnut systems

of this type. with longitudinal ficlds of up "~

10. 10-15 thousand oersieds have ‘been in-
vestigated in Moscow at the Institute of
Atomic Energy of the USSR Acadamy- of
Scicaces. The runge of -assemblics on which
these rescarches have been made so far
has been given thc general title of

tigations info the heating plasma by elec-

" trical discharges in doughnut chambers are’ Y

as ;bllow: e .
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1. 1 assemblics of the Zeta type the
“plasma string falls prey to insiability. As
a result the energy provided by the electric
supply is not accumulated in the plasma
but escapss to the chamber walls. So these

. systems cannot be considered as’ holding
. 'much prospect for the production of super-.
" _high temperatures The explanation” of
physical processes in unstable plasma is of

some interest, and is now the subject of

research work being carried out on the:

Alpha assembly. From a‘practical view-
point, however, the results of these investi-

" gations must be relegated to the sphere of .

‘the
‘Tokamak family the plasma cord..which’ .~
is supported on the “corset” of the power-

the “pathology” of plasma. - :
" 2.-In -assemblies belonging - 10

* ful' longitudinal field, does ' not display
external signs of crude instability. It there-

~ fore justifics the hope that it will be pos-

“sible to achieve sutliciently effective plasma

heating in such . rigs. The temperature

which it has so far been possible to obtain
“in  investigation conducted ‘with

modest, and does not exceed 100,000 to
200,000°C. However, experiments show
-that the plasma temperature rises as the

- longitudinal field is increased. We can

the .
Tokamak range of assemblies is still very .
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" therefore reckon that in assemblies with

ficlds of 50 to 100,000 ocrsteds it will be
possible to .heat deuterium plasma to a
einperature of several million degrees and |
to mainiain this temperature for time Inter-
vals measured in several thousandths or
even hundredths of a second—and in the

" lime-scales which characterize the duration

of cvents occurring in plasma these are very |
long periods. It is neverthcless still difiicult

- to count on this path leading us directly

- being

. 1o super-high, thermonuclear temperatures.

In contemporary rescarch oa thermo-
nuclear fusion the grealest attention is
paid to the cxtensive class of

_systems for- the retention of plasma which

have- been given the name of “magnetic

* traps™. This term embraces various devices

' chardcterized by the one main feature that

in them the function of magnetic heat insu-

. lation is wholly assigned to an external

field.
Let us first” examine the ‘characteristics

“of the so-called magnetic-mirror traps. To:

understand their operating principle, let
us imagine a pencil of lines of force, com-

. pressed at both ends. A ficld of this type

“‘canbe set up, for example; by using two

parallel coils ‘with current flowing in the

" same direction (Figure 2). Where the pen-

" cil of lines of force is compressed the ficld

* intensity is at its highest. Calculation of the
. movement of charged particles in magnetic

ficlds shows that a particle travelling in
the region of an increasing field experi-

" ences the action of a force which tends to

deflect it in the direction of the weak field.
Particles in which the longitudinal velocity
is small compared with the transverse

- velocily will therefore, be reflected from a

i

powerful- ficld region: hence the name
magnetic- mirror. In a field which increases
on cither side of a middle region particles
must be reflected from both sides and will -
therefore be trapped. In  principle, by
accumulating suflicient trapped particles
of high energy in such a magnetic system it
is possible to create the conditions required
for an intense thermonuclear reaction.
Many différent methods have been pro-

-posed for the accumulation of fast par-

ticles in magnetic-mirror traps. Most of

- them are based on a scheme whereby an

intense beam of fast particles is admitted

“-into the trap, and collides with the atoms

i N
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'of the residual gas (or with prevxously
. accumulated particles) so that the incom- - -

IAg: pariieles {rfeversibly altér their pro-
putu.s (charge or mass) and are therefore . -

caught in thc trap. It is also possible to
accumulate particles by creating electrical ’
“discharges of various forms inside the trap.

~ The tcmptmg simplicity of the design’
of magnetic-mirror traps has made them
onc of the most popular systems in- today’s’
programme " of thermonuclear. research.
Thg largcst magnetic-mirror trap——Ogra-

. was built in the USSR at the Institute of .
Atomic Encrgy It is some 19 m in length
and 14 m in diameter. In recent -years -
. fescarch has been cohducted on Ogra’
into a method of producing hot hydrogen
plasma which is based on the injection of :
fast molecular ions of hydrogen which are
broken up ‘in collision with the residual -
8as, so that protons are, formed and
trapped. At the present time the ‘concen-
tration of fast protons in Ogra accumu-. -
lated in this way is 107 per cubic centi- -
metre. Further increase in concentration
is hindered by instability in the particle
assembly: the fast protons qunckly dnft
- away to the chamber walls, : "

Research is also being conduéted at the -~
Tastitute of Atomic Energy into another '
mcthod of producing hot phsma in the.-
mirror trap. A thin jet of ‘cold- plasma‘
_flows into the asscmbly chamber along the
axis of the magncuc field. With-the aid of
a'high voltage ions are drawn out of-th
chamber and under the influence.. ‘of "a’
‘radial electrical ficld they acquire,, hlgh
speeds. This system, which has been”given
the name of the ionic magnelron, enables - i
the creation (for ‘'some tenths of a:milli-
sccond) of plasma with an ion temperature
of several-tens of millions of degre:.s at a
"particle concentration -in the range '10° to -

10"/cm?® per cubic centimetre. )

Intensive theoretical and expcnmental

: mv‘.sngauons into the properties of mag
netic traps point unanimously to one un-
fortunate fact. It turns.out that the plasma o
ﬂlhng the mirror trap is subject to in-
stability which very quickly sprays .the .
plasma particles over the walls of the'”
vacuum chamber. This instability is
dlnctly linked with the form of the mag-
netic field, which increases in the longi-
tudinal direction on both sides of the cen- .
tral region of the trap, but falls, in a
radial direction, in proportion to the dis-~ . ) .
tance from the axis. It is this radial de- .- .
crzase in intensity -which makes it easy for -
Ihu plasma to break away.

" This drawback of magnetic traps has-
promptcd interest in the investigation of
magnetic systems with so-called opposing -
. fields. A field of this form can be
obtained with the aid of two coils, the cur-

* rent through which flows in opposite .
directions. (Figure 3). In this sort of -trap . - ﬂig:,?::;m
the field mtensxty”'mcreases in all direc- ~ ‘:-{ T R
tions from the central regxoa.\ Theoretxcally o - FIGURF. 4 -

the plasma in a trap of this kind should

. tion indicates that charged particles can
leak out of a trap -with opposing ficlds,

shape of a child’s top).
Howcvcr, the time of retention of the
plasma in. opposing-field traps can be

. At the Institute-of Atomic Energy a study

-'dcnsc plasma jet from a ‘special injector.
As yet the” e‘(p;rxmcnls have not yielded
a definite answer to"the main question; of

c1ans are close to the. trith.

“.'and: opposing-field traps possess  serious
ds.fects, thoughts naturally turn to the con-
: struction of devices with combined-type

" simple systems should be united -and their

pleét practical ways of realizing this idea
is by superimposing a field produced by
" currents flowing along metal conductors

" of fields at the Institute have increased the
“lifetime of the plasma particles approxi-
mately by an order of magnitude. If this
result can be further improved it means

' ADDITIONAL
CONDUCTORS -
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“ be free from the grosser forms of in-
stability. However, this gain is bought at -
a high price. Simple physical considera-

coming quite close to the side edge of the -
area occupied by the plasma (it has the

“determined only on an experimental -basis. -

is being made of the propcrtu.s of plasma -’
formed in the trap by the.injection of a:

‘the rate of escape:of the- pamcles from_'
the trap; nevertheless the i impression is that
the pessimistic ‘assessments. of the theoreti- -

In the light of the fact that both mirror -

ﬁclds in which the good points of the

shortcomings disappear. One of the sim- .

arranged symmetrically in relation to the .
- axis of the mirror system (Figure 4). The .
“first experiments with such a combination .

that there are cffective methods available

279), 22 MARCH
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for combating those forms of instability ‘
" which today represent the main obstacle .

on the way towards thermonusiear Lam.
peratures..

Recently a considerable p1rt of the pro-
gramme of research into coatrolled fusion
has been taken up by investigations into
the confinement and heating of plasma by
high-frequency clgc!rom"mm.n.. ficlds. The
future prospects for practical application

~of the methods of high-frequency plasma

retention are somewhat obscure, and cur-
rent work in this direction is in the nature
of preliminary reconnaissance. In
Sovict Union this work is being conducted
at the Institute of Atomic Energy and at
the Sukhumi Institute of Physics of the
Georgian Academy of Scicnces. Research

" is being carried out into the behaviour of

plasma in the ficld of a travelling clectro-
magnetic wave, and various methods are
under study for the suppression of insta-
bility using high-frequency fields. Inciden-
tally, inieresting work is also being done in
Sukhumi on the processes of ultra-high-

the .

specd compression of plasma by stroag

magnetic fields. The heating of plasma by

" high-frequency ficlds may prove to be an
“extremely cffective method of atlammg
. super-high temperatures. This question is

th‘.ruforc receiving the unremitling attea-

frequency plasma hceating is most exten-

sively developed at the Kharkov Physico- -

Technical Institute of the Ukrainian

that have direct bearing on the problem
of ths.rmonuclcar fusion (in.particular the
question’ of the interaction of plasma with
fluxes of fast charged particles).

-¢"In the Soviet Union work on the prob!cm
i “of controlled thermonuclear fusion is thus

proceeding on a broad front. The work em-

" braces a whole range of different ways of
) approachmg the " solution of the’ prob-

lem. Great importance is also attached to
the development” of a large complex of
methodological and engincering investiga-
tions concerned with “the diagnosis of
plasma, vacuum technology of thermo-
nuclear plants and their cngincering sup-
plies.

are well aware of the vast ditlicultics linked

by the modest results so far achicved. Up

. till .now the main obstacle standing in the
. -~way of controlled fusion has been the vari-
.ous forms of instability, with the aid of
.which the hot plasma casily. frees itself
“from the shackles of magnetic heit insula-
tion, This is really a very serious obstacle,

In conclusion it must be said thnt we -

.

tion of Soviet physicists. Rescarch-on high- °

" Academy of Sciences. Research is also be-
‘ ing conducted at this institute into a num-
‘ber of other questions of plasma physics

" with attainment of the final goal of useful -
-power from fusion; and we are not deluded

and maximum concentration of the cfforts -

¥ and creative encrgy of physicists through-
-out the-'world is needed to enable the

creation of stable high-temperature nlnsma



